The versatility of RNA-dependent RNA polymerases (RDRPs) in eukaryotic gene silencing is perhaps best illustrated in the kingdom Fungi. Biochemical and genetic studies of Schizosaccharomyces pombe and Neurospora crassa show that these types of enzymes are involved in a number of fundamental gene-silencing processes, including heterochromatin regulation and RNA silencing in S. pombe and meiotic silencing and RNA silencing in N. crassa. Here we show that Aspergillus nidulans, another model fungus, does not require an RDRP for inverted repeat transgene (IRT)-induced RNA silencing. However, RDRP requirements may vary within the Aspergillus genus as genomic analysis indicates that A. nidulans, but not A. fumigatus or A. oryzae, has lost a QDE-1 ortholog, an RDRP associated with RNA silencing in N. crassa. We also provide evidence suggesting that 5Ј → 3Ј transitive RNA silencing is not a significant aspect of A. nidulans IRT-RNA silencing. These results indicate a lack of conserved kingdom-wide requirements for RDRPs in fungal RNA silencing.
R
NA silencing refers to a group of very similar postases (RDRPs) are essential components of RNA silenctranscriptional gene-silencing mechanisms that ing (e.g., protists, nematodes; Smardon et al. 2000 ; Sijen have been discovered in a diverse range of eukaryotes et al. 2001; Martens et al. 2002; Simmer et al. 2002) , (Pickford et al. 2002; Denli and Hannon 2003; Tang while in others RDRPs appear to be dispensable for this et al. 2003) . The core processes of RNA silencing are process (e.g., flies, mammals; Schwarz et al. 2002 ; Stein highly conserved and involve double-stranded RNA et al. 2003) . In plants and fungi, the roles of RDRPs in (dsRNA) processing by an RNAse III domain-containing RNA silencing are not as well defined. For example, the enzyme (Dicer) into 21-to 26-nt small interfering RNAs model plant A. thaliana encodes six putative RDRPs and (siRNAs; Bernstein et al. 2001) , which are then incorpothus far only two have been partially investigated. Of rated into a ribonucleoprotein complex (RNA-induced these two RDRPs, SGS2/SDE1 is required for RNA sisilencing complex, RISC). RISC recognizes and delencing activated by sense transgenes (Beclin et al. grades target mRNAs by complementary base pairing 2002) , but not for RNA silencing activated by inverted to the incorporated siRNA (Hammond et al. 2000;  repeat transgenes (IRTs) or RNA viruses (Dalmay et al. Elbashir et al. 2001 ). An essential protein member of Beclin et al. 2002; Muangsan et al. 2004) , and RISC is an argonaute family protein with a PAZ and AtRdRP1 is involved in viral defense (Yu et al. 2003; PIWI domain (PPD; Carmell et al. 2002) . Examples Yang et al. 2004 ). include Rde-1 in Caenorhabditis elegans (Tabara et al. Studies of fungal RDRPs suggest that these enzymes 1999), dAgo2 in Drosophila melanogaster (Hammond et are involved in RNA silencing and a number of other al. 2001), Ago1 in Arabidopsis thaliana (Fagard et al. gene-silencing-related processes in fungi. For example, 2000) , Ago1 in Schizosaccharomyces pombe (Volpe et al. the S. pombe RDRP, Rdp1, is required for RNA silencing 2002) , and QDE-2 in Neurospora crassa (Catalanotto induced by IRTs (IRT-RNA silencing) and for RNAiet al. 2002) . Recent evidence suggests that the PAZ dodependent heterochromatin formation at centromeric main of argonaute proteins facilitates transfer of siRNAs regions, mating-type loci, and euchromatic regions to the RISC complex (Lingel et al. 2003; Yan et al. 2003 ) (Volpe et al. 2002 (Volpe et al. , 2003 Schramke and Allshire 2003 ; and that the PIWI domain contains the nuclease activity Jia et al. 2004; Verdel et al. 2004 ). While it is currently responsible for siRNA-guided mRNA cleavage (Song et unknown why the process of IRT-RNA silencing requires al. 2004) .
an RDRP in S. pombe, current models suggest that RNAiIn some organisms, RNA-dependent RNA polymerdependent heterochromatin formation requires Rdp1 to create, directly or indirectly, small RNAs used to direct a complex of proteins, referred to as RNA-induced upon IRT-RNA silencing while deletion of a putative PPD protein, named RsdA, disrupted this process. Possi-2004) .
In the filamentous fungus N. crassa, there are two ble reasons to account for the apparent difference in a RDRP requirement for IRT-RNA silencing in S. pombe gene silencing processes that require two of three N. crassa RDRPs (Galagan et al. 2003 ). The first is N. crassa and A. nidulans are discussed. quelling, a type of RNA silencing that is thought to be related to high transgene number (Pickford et al. 2002;  MATERIALS AND METHODS Forrest et al. 2004) . This process requires the RDRP QDE-1 (Cogoni and Macino 1999a) . In vitro studies of Strains, growth conditions, and transformation conditions:
QDE-1 activity indicate that it produces both full-length All strains used in this study are listed in Table 1 . A. nidulans complementary RNA (cRNA) and 9-to 21-nt cRNAs RJH0128 was transformed with aflR-specific IRTs and control transgenes using the method described by Yu and Adams along the length of single-stranded RNA templates (1999) . Standard crossing techniques (Pontecorvo 1953) (Freitag et al. 2004b) .
into the EcoRI site of pTMH10.1 to give the aflR(IRT1300)
Here, in addition to reporting that IRTs efficiently sitransgene ( Figure 1 was replaced with the SacII-gf2-SacII fragment from pTMH14.8 orientation between the gpdA promoter and trpC terminator of pAN52-3; thus it is referred to as a SST to distinguish it from to give pTMH17.2. As described above, a trpC selectable marker was cloned into the EcoRI site of pTMH17.2 to give the inverted repeat nature of the IRTs. Plasmid pTMH10.1 was digested with BamHI and HindIII to release an ‫-0061ف‬bp the aflR(IRT900) transgene (Figure 1 ).
pTMH16.3 [also referred to as aflR(SST1300)]:
This transforBamHI-gf1-Rfla-HindIII fragment. The BamHI and HindIII ends of the digested plasmid were filled in with Klenow DNA mation vector contains a single full-length aflR ORF, in a sense
TABLE 2
Oligonucleotides used in this study
polymerase (New England Biolabs, Beverly, MA) and ligated together to give pTMH12.1. As described above, a trpC selectable marker was cloned into the EcoRI site of pTMH12.1 to complete the aflR(SST1300) transgene ( Figure 1 ). Gene replacement vectors: DNA flanking regions were cloned from A. nidulans genomic DNA for creation of rsdA, rrpB, and rrpC gene replacement vectors, using the oligonucleotides listed in Table 2 . Oligonucleotide restriction sites were used to place the flanking regions into the matching sites in pBS. A. parasiticus pyrG (Skory et al. 1990 ; for rsdA and rrpB) or A. nidulans metG (Sienko and Paszewski 1999; for rrpC) selectable markers were placed between the flanking DNA and the resulting plasmids were used in A. nidulans transformations.
Northern A SacII site at position 889 is indicated. The region 3Ј to the Francisco). Ambion's (Austin, TX) Maxiscript kit was used to SacII site was used to make riboprobes for aflR mRNA and make a 3Ј aflR sense-specific ␣- gene consists of two complete aflR coding regions in an inLow-molecular-weight (MW) RNA analysis: Low-MW RNA was verted orientation, separated by an ‫-082ف‬bp spacer fragment isolated as described (Catalanotto et al. 2002) . This was (horizontal hatching). B, BamHI site. The aflR(IRT900) transseparated in a denaturing gel, blotted to a Hybond-XL nylon gene consists of two identical truncated fragments of aflR membrane, and hybridized to a riboprobe as described (Nicocoding region in an inverted orientation, separated by an las et al. 2003) , except that Denhardt's reagent was excluded ‫-082ف‬bp spacer fragment. This is essentially the same IRT as from the hybridization buffer. The 3Ј sense and antisense aflRaflR(IRT1300), except that aflR sequences between the SacII specific riboprobes (Figure 1) were prepared as described sites have been removed. The aflR(SST1300) transgene contains the complete open reading frame of aflR with a mutated above, except that before hybridization the probe was hystop codon. All three aflR(IRT) and aflR(SST) transgenes are drolyzed into ‫-05ف‬nt fragments as described (Hamilton and flanked by the A. nidulans gpdA promoter and trpC terminator Baulcombe 1999).
(not shown). Norsolorinic acid analysis: From liquid cultures: Twenty-fivemilliliter A. nidulans cultures were mixed with an equal volume of acetone. The mixture was slightly agitated for 1 hr and then 7.5 ml was transferred to a new container, which was RESULTS then shaken vigorously with an equal volume of CHCl 3 . The mixture was allowed to separate and a 5-ml aliquot of the (IRT900) inverted repeat, while A. nidulans TTMH20.8 (Table 2) , medium and cultured for ‫5ف‬ days to assay NOR production; was used as a control for the probe. It was also mixed with aflR(IRT1300) transformants are numbered 1-6 and aflR ‫03ف‬ g of low-MW RNAs from TTMH16.9 as a migration (IRT900) transformants are numbered 7 and 8. cies is shown to demonstrate relative amounts of RNA between and an aflR(IRT900) transformant (TTMH20.8) were cullanes. tured in liquid minimal media and analyzed for (C) NOR production and (D) aflR expression over 96 and 72 hr, respectively. The riboprobe was specific for aflR sequences not present in the aflR(IRT900) transgene to detect aflR transcripts do not form significant levels of dsRNA or secondary siderived from the endogenous aflR locus only. N, NOR stanRNAs from the 3Ј region of targeted aflR mRNA during dard.
IRTs correlate with inhibition of gene expression in
IRT-RNA silencing.
RNA silencing in A. nidulans requires RsdA, a putative argonaute family protein: Two putative PPD proteins is a NORϪ transformant that integrated both the trpC-(e Ϫ139 and e
Ϫ31
) were identified in the A. nidulans genome selectable marker and the aflR(IRT900) inverted repeat.
database by searching (blastp) with the predicted N. Analysis of aflR mRNA levels with a riboprobe specific crassa QDE-2 amino acid sequence. Deleting the highestfor the 3Ј ‫004ف‬ bp of aflR (Figure 1, diagonal hatching) , matching gene (e
Ϫ139
) resulted in a loss of aflR silencing a segment of aflR not contained in the aflR(IRT900) (Figure 4 and supplementary Figure S1 at http://www. transgene, indicated that aflR transcript levels were siggenetics.org/supplemental/) in the aflR(IRT1300) genificantly decreased in TTMH20.8 relative to TTMHnetic background ( Figure 5 ). This gene was therefore 20.9 ( Figure 2D ).
named rsdA, for RNA-silencing-deficient A, and it is likely RNA silencing in A. nidulans is characterized by a a RISC complex protein required for RNA silencing. single class of 25 nt siRNAs: To confirm that RNA silencThe second match (e Ϫ31 ) may be an ortholog of N. crassa ing is the mechanism responsible for the IRT-induced SMS-2, a QDE-2 paralog required for meiotic silencing decrease in aflR mRNA, low-molecular-weight RNAs . This putative protein (referred to as were analyzed for the presence of aflR-specific siRNAs.
smsA in Table 4 ) was also identified during a search of Using sense-and anti-sense-specific riboprobes for the the A. nidulans genome with the predicted N. crassa 3Ј end of aflR (Figure 1) , siRNAs of 25 nt in length SMS-2 sequence (e
Ϫ15
). SmsA was not investigated further were detected in a NORϪ strain containing the aflR during this study. (IRT1300) transgene (TTMH13.1) but not in a NORϩ RNA silencing in A. nidulans does not require A. nidustrain containing the aflR(SST1300) transgene (TTMHlans MusN: N. crassa quelling requires QDE-3, a RecQ 16.9), or in a NORϪ strain containing the aflR(IRT900) DNA helicase (Cogoni and Macino 1999b). Therefore transgene (TTMH20.8; Figure 3 ). The absence of siRNAs in TTMH20.8 indicates that A. nidulans RDRPs we searched for an A. nidulans QDE-3 ortholog in the grisea, and Aspergillus species. The neighbor-joining method fied conserved domains are indicated along with the predicted was used with the predicted amino acid sequences of all known starting and stopping points for each domain, the predicted RDRPs and RDRPs identified in this study from N. crassa, S. length of the protein, and the codons deleted in these studies.
pombe, M. grisea, and the three sequenced Aspergilli ( grisea) suggests that these enzymes fall into three distinct best match (An5092.2) had a relatively low expect value classes in filamentous fungi represented by N. crassa (e Ϫ23 ) and was not investigated further during this study.
QDE-1, SAD-1, and RRP-3 ( Figure 6 ). This is in contrast However, the role of MusN in IRT-RNA silencing was to the single RDRP in S. pombe, which is most similar to investigated. A significant portion of musN was deleted the SAD-1 RDRP class (Galagan et al. 2003 and Figure  from the A. nidulans genome (Hofmann and Harris 6) . Surprisingly, while A. oryzae has conserved members 2001) and the resulting ⌬musN strain (AAH16) was of all three classes, there are no orthologs of QDE-1 in crossed to an aflR(IRT1300) strain (TTMH13.1) to give the A. nidulans genome database or orthologs of RRP-3 progeny with ⌬musN in the aflR(IRT1300) genetic backin the A. fumigatus genome database. Analysis of the ground. NOR analysis indicated that loss of musN had Aspergilli genomes suggests that the A. nidulans QDE-1 no effect upon IRT-RNA silencing ( Figure 5 ). This findortholog was lost during evolution (see below). ing is in agreement with that of Catalanotto et al.
Comparison of the chromosomal region adjacent to (2004), who recently reported that QDE-3 is not rethe putative A. fumigatus QDE-1 ortholog (RrpA; Galaquired for N. crassa IRT-RNA silencing. gan et al. 2003) indicates that a high level of synteny exists between this region and a specific chromosomal region in A. nidulans. A section of this synteny is depicted in Figure 7 . These two chromosomal fragments are nearly identical except for the presence of a unique ORF in each, a rearrangement of two ORFs, and the absence of a predicted rrpA ortholog in A. nidulans (FigFigure 5 .-Genetic analysis of IRT-RNA silencing in A. niduure 7A and Table 3 ).
lans. A. nidulans mutants with (top) or without (bottom) the
Guessing that an A. nidulans QDE-1 ortholog might aflR(IRT1300) transgene were point inoculated onto 25 ml of solid minimal medium and incubated for 6 days. NOR be undetected in the ‫-0.4ف‬kb genomic region correproduction was analyzed by TLC. Bright orange spots are sponding to A. fumigatus rrpA ( Figure 7A, f) Table 4 were compared using the neighbor-joining method and are depicted in a noniterated, unrooted tree. Numbers on the branches correspond to the genes listed in Table 4 . Here we demonstrate that IRTs efficiently induce The results indicated that this region is more similar to RNA silencing in A. nidulans in a process that is indepenthe sequences of the QDE-1-like RDRPs of all included dent of the two A. nidulans RDRPs, RrpB and RrpC. A fungi than to any other sequence included in the analythird RDRP of the QDE-1 class of fungal RDRPs has sis, including the genomic DNA of the two predicted apparently degenerated over time through changes in A. nidulans RDRPs ( Figure 7B and Table 4 ). This finding the DNA code. In addition, we have shown that RNA is supportive of the hypothesis that this ‫-0.4ف‬kb region silencing is stable in A. nidulans, is characterized by a of DNA constitutes the remnants of an Aspergillus significant decrease in mRNA expression, results in the QDE-1 ortholog that has degenerated during evolution.
accumulation of a single class of 25-nt siRNA molecules, Further support for the hypothesis that this region actuand requires a PPD protein, RsdA. ally contains a relic RDRP and not a functional RDRP comes from a detailed six-frame analysis of the ‫-0.4ف‬kb region. This analysis indicated that a conserved RDRP both genes (Figure 4 and Figure S1 ). Transformation TTMH74.12 and TTMH75.17 ( Figure S1 ). Figure 7 . NA, not applicable.
tants were compromised in their ability to silence aflR with Drosophila and mammals (Schwarz et al. 2002; Roignant et al. 2003; Stein et al. 2003) in N. crassa. The fact that the low-molecular-weight RNA fraction in an A. nidulans aflR(IRT900)-carrying strain did not contain aflR siRNAs from the 3Ј-untargeted reBefore this report, RDRPs had not been investigated in the Aspergilli or in any other fungi with the exception gion of aflR suggests that 5Ј → 3Ј transitive RNA silencing does not occur in this organism. Given the in vitro of S. pombe and N. crassa. Recent studies indicate that RDRPs are involved in various gene-silencing processes studies of QDE-1, it is possible that the absence of these siRNAs in A. nidulans could be due to the loss of a in these two fungi (Cogoni and Macino 1999a; Shiu et al. 2001; Volpe et al. 2002;  Schramke and Allshire QDE-1 ortholog. Alternatively, the lack of secondary siRNAs could be the result of an inefficient amplifica-2003; Verdel et al. 2004 ), protists (Martens et al. 2002 , nematodes (Smardon et al. 2000; Sijen et al. 2001 ; Simtion of dsRNA by RrpB or RrpC from endogenous aflR transcripts. Future studies with A. fumigatus or A. oryzae mer et al. 2002) , and plants (Dalmay et al. 2000; Beclin et al. 2002; Vaistij et al. 2002; Van Houdt et al. 2003;  QDE-1 orthologs and more sensitive secondary siRNA detection methods should help test these hypotheses. Muangsan et al. 2004 ). On the other hand, studies (Volpe et al. 2002; Schramke and Allshire 2003) . Surprisingly, IRT-RNA silencing is also elimi- gard to gene-silencing equipment found in other fungi. significant DNA methylation and concomitant methylaCogoni, C., and G. Macino, 1999a Gene silencing in Neurospora tion-dependent gene inactivation (Gowher et al. 2001) . homologs (e.g., HP1/Swi6) similar to those found in Cogoni, C., J. T. Irelan, M. Schumacher, T. J. Schmidhauser, E. U. Selker et al., 1996 Transgene silencing of the al-1 gene N. crassa (Freitag et al. 2004a) . Given that removal of
